By performing two sets of high-resolution atmospheric general circulation model (AGCM) experiments, the authors find that the atmospheric response to a sea surface temperature (SST) anomaly in the extratropical North Pacific is sensitive to decadal variations of the background SST on which the SST anomaly is superimposed. The response in the first set of experiments, in which the SST anomaly is superimposed on the observed daily SST of 1981-90, strongly differs from the response in the second experiment, in which the same SST anomaly is superimposed on the observed daily SST of 1991-2000. The atmospheric response over the North Pacific during 1981-90 is eddy mediated, equivalent barotropic, and concentrated in the east. In contrast, the atmospheric response during 1991-2000 is weaker and strongest in the west. The results are discussed in terms of Rossby wave dynamics, with the proposed primary wave source switching from baroclinic eddy vorticity forcing over the eastern North Pacific in 1981-90 to mean-flow divergence over the western North Pacific in 1991-2000. The wave source changes are linked to the decadal reduction of daily SST variability over the eastern North Pacific and strengthening of the Oyashio Extension front over the western North Pacific. Thus, both daily and frontal aspects of the background SST variability in determining the atmospheric response to extratropical North Pacific SST anomalies are emphasized by these AGCM experiments.
Introduction
It is universally believed that extratropical sea surface temperature (SST) anomalies are largely forced by the atmosphere on interannual to decadal time scales, as put forward by the pioneering work of Bjerknes (1964) and confirmed by many succeeding studies (e.g., Cayan 1992a,b,c) . On the other hand, Bjerknes (1964) also proposed that on longer time scales, the ocean significantly contributes to the extratropical SST variability, an argument supported subsequently by, for example, Deser and Blackmon (1993) , Kushnir (1994) , Nakamura et al. (1997) , and Gulev et al. (2013) . However, there is a controversy about whether extratropical SST anomalies significantly affect the large-scale atmospheric circulation, and if so, how. Unlike in the tropics where a pronounced locally driven, thermally direct, and farreaching atmospheric response to SST changes is found, owing to deep convection (Neelin et al. 1998) , the extratropical response to SST anomalies is in most cases smaller than the intrinsic atmospheric variability (Kushnir et al. 2002) . Thus, more effort is required to tackle the low signal-to-noise ratio problem.
Over the last three decades or so, considerable effort has been applied to this problem by means of observational analyses (Liu et al. 2006; Frankignoul and a Wen et al. 2010; Liu et al. 2012a,b) , theoretical studies (e.g., Frankignoul 1985) , forced atmospheric general circulation model (AGCM) experiments (Palmer and Sun 1985; Latif and Barnett 1994; Kushnir and Held 1996; Peng et al. 1997; Liu and Wu 2004) , and coupled climate model simulations Barnett 1994, 1996; Saravanan 1998; Liu and Wu 2004; Kwon and Deser 2007; ; Lee et al. 2008; Zhong and Liu 2008) . The atmospheric response to extratropical SST anomalies is still controversial and sometimes perplexing, yet a set of common conclusions has been widely accepted (see Kushnir et al. 2002) . Among other things, the response can be modulated by baroclinic eddy feedback, and it can depend on the atmospheric background state (e.g., Peng et al. 1995; Ting and Peng 1995; Peng et al. 1997; Peng and Whitaker 1999; Brayshaw et al. 2008; Taguchi et al. 2012) . Regarding the mechanism by which the atmospheric background state can affect the atmospheric response, Brayshaw et al. (2008) performed idealized aquaplanet experiments under perpetual equinox conditions and provided a preliminary explanation in terms of the relative latitudinal position of the subtropical jet and the meridional SST gradient change. However, the current understanding of the state dependence of the atmospheric response to extratropical SST anomalies is still far from satisfactory.
Further, although the atmospheric background state can be ultimately determined by the background SST to a great extent in forced AGCM simulations, the role of the background SST variability, on which an SST anomaly is superimposed, has received little attention. Observational studies have been devoted to detecting the response and describing its characteristics, whereas model experiments usually employ climatologically varying background SST, which is unrealistic given the large daily and interannual SST variability in the extratropics. Recently, Zhou et al. (2015, hereafter Z15) show that daily variability in the background SST can be important for determining the atmospheric response to midlatitude North Pacific SST anomalies. Many recent studies (e.g., Minobe et al. 2008; Taguchi et al. 2009; Smirnov et al. 2015) have also pointed out the potential importance of the sharp subpolar SST fronts associated with the western boundary currents. Finally, small-scale air-sea interactions linked to mesoscale ocean eddies over the North Pacific in the Kuroshio Extension region have been identified as a major factor in regulating large-scale climate conditions in that area (Ma et al. 2016) .
Here, we follow up the work of Z15. We investigate the state dependence of the atmospheric response to midlatitude North Pacific SST anomalies by superimposing them on the observed daily SST during 1981-2000, which exhibits significant decadal variability. Section 2 briefly introduces the model and experimental setup as well as the forcing SSTs. In section 3, we examine the characteristics, mechanism, and decadal evolution of the response. The possible role of the background atmospheric state is discussed in section 4 and the role of the background SST in section 5. We argue that the reason for the difference in the decadal-mean response is linked to the decadal background SST changes, in particular, changes in the daily SST variability and the Oyashio Extension front. Summary and discussion are presented in section 6.
Model, experimental setup, and data
We carry out a series of SST-forced simulations with the ECHAM5 atmospheric general circulation model (AGCM; Roeckner et al. 2003 ) on a T213 grid (;60 km 3 ;60 km) with 31 vertical levels extending up to 10 hPa, resolving only the lower part of the stratosphere. Li (2006, Table 4.3) showed that a 20-yr Atmospheric Model Intercomparison Project (AMIP)-type (Gates et al. 1999) run with the same model simulates the planetary wave climatology reasonably well, in some aspects even better than a high-top (0.01 hPa) version of the model.
The SST data used in this study cover the period 1981-2000 and are from the daily NOAA OISST dataset (Reynolds et al. 2007) , and the data have been linearly interpolated from the original 1 /48 resolution to the T213 resolution of the AGCM. To examine the atmospheric response to large-scale decadal North Pacific SST anomalies, we first compute the Pacific decadal oscillation (PDO; Mantua et al. 1997) index as the leading principal component (PC) of winter (DJF) mean North Pacific (208-608N, 1208E-1008W) SSTs. The ENSO signature was reduced in the SSTs in advance by removing the variability associated with the leading two PCs of winter-mean tropical Pacific (308S-208N, 1208E-1008W) SSTs by means of linear regression. The multiyear time series of SSTs in October-March are then respectively regressed onto the ''ENSO removed'' winter mean PDO index, producing six patterns that are positioned at the middle of the corresponding months and then interpolated into a daily record from which only November-February are extracted. This record is used as the SST anomaly forcing in the AGCM simulations described below. We presume that such an evolving SST anomaly with a seasonal cycle is more realistic than a constant SST anomaly as used in previous studies. The SST anomaly forcing is only used in the North Pacific; no SST anomaly forcing is used outside the North Pacific. Figure 1 depicts the SST anomaly pattern averaged over boreal winter (DJF) .
In contrast to many previous studies using climatological monthly SST as background SST, we superimpose the SST anomalies on the observed daily SSTs during [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] . Our approach appears to be more realistic, as it retains significant daily and interannual variability in the background SST. Z15 has shown that although SST variability outside the North Pacific is present, this variability is of minor importance to the extratropical atmospheric response averaged over the 1981-90 decade. We argue here that the same is also true for the 1991-2000 decade.
The model is integrated for each of the 20 winters (NDJF) during 1981-2000, with November considered as the ''spinup'' period and omitted in the subsequent analyses. Experiments are performed with both the positive and negative polarity of the SST anomalies separately, repeated for each year. The winter-mean (DJF) atmospheric response is then defined as the difference between the model runs forced by the positive and negative polarity (positive minus negative).
For the decade 1981-90 (Dec8190), the model setup is exactly the same as the daily global (DAGL) experiment in Z15, with one integration per winter, each initialized with the 1 November conditions of the corresponding year taken from a control run (CTRL) forced by observed daily SSTs of 1981-2000 but with no SST anomaly applied. For the decade 1991-2000 (Dec9100), in order to increase sample size and thus statistical significance, two integrations are performed for each winter, using the 1 November and 1 December conditions from the control run to initialize the integrations on 1 November. The average of the two integrations is used in the subsequent analyses. The Dec9100 simulation is an extension to the DAGL experiment to the 1991-2000 decade.
Although the number of realizations for each winter is small, when analyzing decadal averages, the sample size is increased to 10 (20) for Dec8190 (Dec9100). The robustness of the decadal-mean Dec8190 results is further supported by additional sensitivity experiments presented in Z15. Statistical significance of the decadal averages is estimated using a one-sample t test with 9 (19) degrees of freedom for Dec8190 (Dec9100). We note that for Dec9100, the results do not significantly change if only one of the two integrations in each winter is used to compute the decadal-mean response. Additionally, the linear trends during 1981-2000 provide useful information about decadal variability and are also tested for statistical significance with a t test using 18 degrees of freedom. More details can be found in the appendix.
Response

a. Linear trend
We examine the 500-hPa geopotential height response over the North Pacific (108-608N) in the western (WNP; 1208-1808E) and eastern (ENP; 1808-1008W) parts separately (Fig. 2) because the dynamics in the storm-track entrance and exit regions are different (Chang et al. 2002) . The model simulates an ascending trend which is statistically significant at the 95% level over both regions: the two decadal means are negative during Dec8190, while during Dec9100, they wobble around zero. This is indicative of a decadal transition between two different response regimes. Gan and Wu (2012) showed using observations that a regime (sign) transition of the atmospheric response can indeed be found on multidecadal time scales. In the following, the two decadal-mean responses are investigated separately to obtain further insight into the role of the background SSTs in the decadal transition. No SST anomaly is present in other basins.
b. Decadal-mean response: 1981-90
The decadal-mean atmospheric pressure response during Dec8190 (Fig. 3) is equivalent barotropic in the extratropics, as indicated by the sea level pressure (Fig. 3a) and 500-hPa geopotential height (Fig. 3b) responses as well as the zonal mean vertical section to be shown later. A significant zonal wavenumber-2 wavelike pattern is simulated in the midlatitudes, with anomalously low pressure over the Pacific and Atlantic and anomalously high pressure over North America and Eurasia. The strongest response is found over the ENP and appears to be the origin of the wave train. Correspondingly, in the positive compared to the negative polarity case (Fig. 3c) , the westerly jets at 500 hPa are more zonally elongated over the oceans and terminate more abruptly over the continents. Similarly, the 500-hPa storm-track response exhibits a NW-SE shift over the ENP, which in turn makes the storm track more zonally confined (Fig. 3d) . The ENP trough is associated with enhanced vertical motion at its eastern side that goes along with enhanced convective precipitation (Figs. 3e,f), related to the anomalous storm track. Over the WNP, the storm-track response is weak and insignificant. However, a region of significantly reduced vertical motion and convective rainfall over the East China Sea, compensated by upward motion to the south, is found that largely follows the regional SST anomaly pattern, suggesting a linear response to the SST anomaly in this region.
The response (i.e., the winter-mean difference between the two SST polarity cases) in the ENP conforms to an eddy-mediated response (Z15; Kushnir et al. 2002) . First, the SST forcing drives an anomalous eddy vorticity flux convergence near 408N in the upper troposphere (Fig. 4a ). This leads to enhanced vorticity to the north at about 458N, decreased geopotential height, and an accelerated jet stream, consistent with the quasigeostrophic vorticity equation (Hoskins et al. 1983 ). Second, the rather abrupt termination of the jet stream in the east causes increased barotropic deformation of individual propagating eddies near the storm-track exit region, feeding back positively onto the storm track (Chang et al. 2002) . Anomalous convergence of eddy momentum flux directly accelerates the jet.
The wavelike response downstream of the SST anomaly has been seen in earlier observational and modeling studies on the atmospheric response to extratropical SST anomalies (e.g., Peng and Whitaker 1999; Wen et al. 2010; Taguchi et al. 2012) . It has been shown that perturbations to the extratropical atmospheric circulation over the North Pacific and the North Atlantic can both generate stationary Rossby wave trains (Palmer and Sun 1985; Honda et al. 2001 Honda et al. , 2005 ) that propagate along the westerly jet acting as a waveguide (Hoskins and Ambrizzi 1993; Branstator 2002) and thus have remote influences over the downstream oceans and continents. Indeed, the North Atlantic atmospheric response to North Pacific SST anomalies has been attributed to the propagation of accumulated stationary Rossby wave activity (Wen et al. 2010; Liu et al. 2012a,b) , and the Rossby waveguide effects are found to be responsible for circumglobal teleconnections (Branstator 2002) . The wavelike response found here is therefore referred to as a circumglobal Rossby wave train that emanates from the ENP as a result of the eddy-mediated response mechanism.
In quasigeostrophic theory, possible sources of Rossby waves (i.e., perturbations to the mean flow that trigger Rossby waves) include divergence (convergence) of eddy vorticity flux and upper-level divergence (convergence) of the mean flow multiplied by the Coriolis parameter, both driving high (low) pressure at a certain distance downstream of the wave source due to vorticity advection (Hoskins et al. 1983; Sardeshmukh and Hoskins 1988) . Over the ENP, the eddy vorticity flux convergence discussed above (Figs. 4a and 5a) appears to be the primary source for changing the mean-flow vorticity and generating Rossby waves, since there the upper-level meanflow divergence term essentially counteracts the low pressure response (Figs. 3h and 4b) . The relatively strong upper-level mean-flow divergence over the ENP is thus the result rather than cause of the low pressure response driven by the eddy vorticity forcing, and it in turn drives a secondary meridional circulation in the vertical plane resulting in an upper-level convergence upstream and an enhancement of the westerly jet at mid-to lower levels (Fig. 5b) . Moreover, the strongest pressure (Figs. 3a,b) and vorticity (not shown) changes appear at the beginning of the wave train instead of at a noticeable distance downstream of the Rossby wave source, which may be attributed to the relatively slow climatological zonal flow over the ENP (Fig. 6a) .
Over the WNP, where the storm-track response is weak and insignificant, the mechanism must be different. Although it may sound plausible that the low pressure response over Japan is just the third trough of the eastward-propagating wave train forced in the ENP region, the significant changes in vertical velocity and convective precipitation over the East China Sea and south of it (Figs. 3e, f) suggests another Rossby wave source: the upper-level convergence associated with the secondary circulation over southeast China and the East China Sea driving a positive vorticity anomaly over Japan. Advection by the well-developed jet stream in this region (Fig. 6a) moves the vorticity and pressure response downstream of the wave source (Sardeshmukh and Hoskins 1988) .
c. Decadal-mean response: 1991-2000
The decadal-mean winter atmospheric response to the PDO-like SST anomaly (Fig. 1) during Dec9100 is remarkably different and considerably weaker in amplitude in the centers of action in comparison to that in Dec8190 (Figs. 3g,h) . Particularly, the ENP low pressure response is very weak and statistically insignificant, and the corresponding zonal velocity exhibits little change in that region (Fig. 3i) . The storm-track response over the ENP becomes much weaker ( Fig. 3j ) and is associated with reduced vertical velocity and convective precipitation anomalies (Figs. 3k,l) . Hence the ENP response in Dec9100 generally exhibits a similar pattern but much reduced amplitude in comparison to that during Dec8190. More interestingly, the WNP low pressure anomaly is replaced by an equivalent barotropic high pressure anomaly, which also marks the beginning of a wave train (Figs. 3g,h) . Correspondingly, the jet stream is locally weakened over the WNP (Fig. 3i) . Further, a significant increase of the storm-track response is observed over the WNP (Fig. 3j) . The vertical velocity and convective precipitation (Figs. 3k,l) both show a region of significantly reduced convection response on the south flank of the Oyashio Extension front (OEF; Frankignoul et al. 2011; Smirnov et al. 2015 ; see Fig. 7c ). Upstream, a region with upward motion over northeast China and Korea to the Sea of Japan/East Sea (308-458N, 1108-1508E) is observed.
In a more global view, the Dec9100 response also takes the form of a stationary Rossby wave train, yet in contrast to the dominating eddy-mediated Rossby wave source in Dec8190, the primary wave source for the Dec9100 response over the WNP is not established by eddy forcing. In particular, the increased stormtrack response induces only little eddy vorticity flux convergence over the WNP (Figs. 4c and 5c ). In looking for the potential Rossby wave source, one should keep in mind that the WNP is characterized by strong mean westerly winds (Fig. 6b) ). Statistical significance at the 90% level is indicated by hatching. In (k) and (l), the mean position of the Oyashio Extension front is indicated by the black arc.
propagate poleward. According to the quasigeostrophic vorticity equation (Hoskins et al. 1983 ) and in the absence of eddy forcing, the high pressure and thus negative vorticity anomalies must be generated by upper-level divergence associated with ascending motion. As a result, the upward vertical velocity response (Fig. 3k) over northeast China to the Sea of Japan/East Sea (308-458N, 1108-1508E) associated with strong upper-level divergence (Figs. 4d and 5d) indicates the most likely wave source (Sardeshmukh and Hoskins 1988) . The mechanism driving the upward motion is likely to be the compensation of the descending motion south of the OEF (308-458N, 1508-1808E; Figs. 3k and 5d) .
In summary, a clear decadal regime shift can be inferred from the two experiments: the primary Rossby wave source is due to eddy vorticity flux forcing over the ENP during Dec8190, while it could perhaps be caused by mean-flow divergence over the WNP during Dec9100.
Relation to background circulation changes
Some earlier modeling studies (e.g., Peng et al. 1995; Ting and Peng 1995; Peng et al. 1997; Peng and Whitaker 1999; Taguchi et al. 2012) found that the atmospheric response to extratropical North Pacific SST anomalies exhibits strong dependence on the background atmospheric circulation by comparing the atmospheric response to the same SST anomaly, superimposed on climatological SST for January and February, which forces different atmospheric background states. Although the exact mechanism was not fully explained, they did provide evidence that the 516 influence of the different atmospheric background states is through changing the storm track in the background. We next try to find out the role of the atmospheric background state by analyzing results from our control run.
a. Jet stream
Taking advantage of aquaplanet experiments under perpetual equinox conditions, Brayshaw et al. (2008) proposed an interpretation of the findings of the earlier studies in terms of the position of the anomalous SST gradient relative to that of the background subtropical jet. As shown in Ting and Peng (1995) , while the position of the anomalous SST gradient remains the same, the subtropical jet significantly shifts meridionally on seasonal time scales, resulting in different relative position to the SST gradient anomaly in January and February and thus different atmospheric responses according to Brayshaw et al. (2008) .
In trying to explain the different decadal response regimes found in this study, we follow Brayshaw et al. (2008) and compare the position of the background subtropical jet in the two decades simulated by CTRL. As depicted in Figs. 6a,b, there is only one jet stream over the North Pacific in both decades, being a merge of the subtropical jet and the eddy-driven polar-front jet in winter (Lee and Kim 2003) . However, except at the jet entrance, the position of the North Pacific jet does not exhibit perceptible changes over the two decades, indicating much less meridional variation of the winter jet on decadal time scales than on seasonal time scales. As a result, in the sense of decadal mean, the difference of the atmospheric response cannot be attributed to the shift of the subtropical jet in the background circulation.
b. Storm track
The midlatitude storm track is shown to undergo significant intensification during recent decades, as revealed by statistical assessment on reanalysis products (Gan and Wu 2012) and consistent with twenty-first-century climate projections from the IPCC AR4 (Yin 2005) . In our CTRL experiment, the decadal-mean storm track simulated for Dec8190 and Dec9100 shows general agreement with this finding (Figs. 6c,d ). Such intensification, as pointed out by Gan and Wu (2012) , would presumably amplify the midlatitude transient eddy feedback and thus the eddy-mediated atmospheric response to extratropical SST anomalies. However, as shown above, in our modeling results the eddy-mediated response over the ENP is dramatically reduced in Dec9100 compared to Dec8190 and is replaced by the divergence-driven response over the WNP, even though Dec9100 is warmer than Dec8190 (Figs. 7a,b) . As mysterious as it is, this means the difference of the decadal-mean atmospheric response cannot be traced back to differences of the background storm track according to current understanding.
c. Deep convection associated with sharp SST fronts
Considering the divergence-driven response in Dec9100 associated with changes of vertical convection, we first notice a climatological deep convection zone south of the OEF, as indicated by the convective rainfall derived from CTRL (Figs. 6e,f) . In the North Atlantic south of the Gulf Stream front, Minobe et al. (2008) found such a deep convection zone and associated heavy rainfall, high clouds, and upper-level divergence. Regarding the mechanism, they proposed that the deep convection zone is maintained by the SST front through pressure adjustment. Taguchi et al. (2009) presented similar findings for the North Pacific in the Kuroshio/ Oyashio Extension region.
As discussed above, the Dec9100 response is characterized by a convection anomaly in the location of the deep convection zone. It is thus natural to speculate about the decadal difference of the deep convection zone in the background state being the reason for the different response in the two decades. However, Figs. 6e,f do not show a clear contrast in the deep convection zone in CTRL, effectively negating such speculation. It is nevertheless conceivable that the deep convection response in Dec9100 is forced by perturbations to the OEF induced by the SST anomaly.
To summarize, the results obtained from the control integration (without superimposing an SST anomaly) do not provide evidence for the atmospheric background changes being responsible for the differences in the response between the two decades.
Relation to background SST changes
Previous studies (e.g., Peng et al. 1995; Ting and Peng 1995; Peng et al. 1997; Peng and Whitaker 1999; Taguchi et al. 2012 ) used different climatological background SST to force the model and found a different atmospheric response to the same SST anomaly, yet they focused only on investigating the role of the atmospheric background circulation, without touching the potential importance of the background SST. Having tried to find the role of the background atmospheric circulation in the last section, here, as in Z15, we try to link the atmospheric response to the change in the background SST. Z15 have highlighted the essential role of the daily variability of the background SST. Here we take the view that the decadal regime shift in the response discussed above in section 3 must be related to decadal changes of background SST since the background SST is the only thing changing over the decades in our experimental setup.
a. Decadal SST changes in the North Pacific
During 1981-2000, the North Pacific SST experienced substantial decadal changes. Figures 7a,b depict that the SST is characterized by significant warming in many regions of the North Pacific, especially over the WNP (see also Wu et al. 2012) . On the other hand, important spatial features and high-frequency SST variability have undergone remarkable decadal change as well. Frankignoul et al. (2011) and Smirnov et al. (2015) presented monthly OEF indices derived from observations, which, in the sense of decadal mean, would suggest a northward shift of the OEF in Dec9100 compared to Dec8190. As shown in Smirnov et al. (2015) , with such a shift, only the northern edge of the region of high meridional gradient penetrates northward, while the southern edge remains in the same location, and the maximum gradient is essentially unchanged. This would result in greater SST difference over the latitudinal range of high SST gradient in the second decade. Our results of the difference of decadal-mean SST gradient (Figs. 7c,d ) also indicate that the OEF is stronger in Dec9100 compared to Dec8190, with less evident a shift. Moreover, the level of high-frequency (i.e., daily) SST variability dropped dramatically over both the western and eastern parts of the basin, with the region off the west coast of North America being one of the most noticeable regions (Figs. 7e,f) . These decadal changes modify the background SST on which the SST anomaly is applied. However, though interesting, understanding the dynamics behind the decadal SST changes is beyond the scope of this paper.
b. The emergence of the WNP divergence-driven wave source
The boundary between the positive and negative SST anomalies (Fig. 1 ) is roughly aligned with the OEF. The positive polarity of the SST anomaly forcing, as well as the difference (positive minus negative) between the polarities, thus reduces the strength of the front. This perturbation to the frontal strength, by definition, acts in both decades, yet with rather different effects. In Dec8190, no significant response in vertical velocity and convective precipitation is simulated over the deep convection zone. The anomalies in the two variables rather closely follow the SST anomaly pattern in the East China Sea and east of the Philippines (Figs. 3e,f) , suggesting a direct connection. In Dec9100, on the other hand, the response in vertical velocity and convective precipitation shows little pattern correlation with the SST anomaly in this region (Figs. 3k,l) , rather primarily taking place over the deep convection zone associated with the OEF. We hypothesize that the atmosphere is more sensitive to OEF perturbations in the context of a stronger OEF. In particular, when the OEF is relatively weak, as in Dec8190, OEF perturbations are not very effective in driving a significant atmospheric response.
c. The degeneration of the ENP eddy-driven wave source Z15 recently showed by analyzing modeling results that retaining daily variability in the background SST plays a key role in the eddy-driven atmospheric response, especially over the ENP. In particular, they found anomalously strong storm-track response when daily variability is included in the North Pacific background SST, which is associated with anomalous baroclinicity and surface heat transfer. We return to this type of response below. Here the primary Rossby wave source in Dec8190 is the eddy vorticity divergence over the ENP (Figs. 3a,b) , which, as argued by Z15, is sensitive to daily background SST variability. The decadal downward trend in the level of daily SST variability (Figs. 7e,f) is then presumably indicative of a reduction of the eddy-driven wave source, thus providing a possible explanation for the difference of the ENP response to identical SST anomalies during the two decades.
In summary, in our experiments, we found that the relative importance of the Rossby wave sources in the WNP and ENP can eventually determine the atmospheric response to identical extratropical SST anomalies, and the Rossby wave sources themselves can be driven by respective components of the background SST such as daily variability and the OEF.
Summary and discussion
Using a global high-resolution atmospheric general circulation model (AGCM), we have investigated the wintertime (DJF) atmospheric response to identical extratropical North Pacific sea surface temperature (SST) anomalies superimposed on daily varying background SST for the two adjacent decades 1981-2000. The decadal-mean responses in the two decades vastly differ both in terms of sign and amplitude, yet they can both be characterized by a Rossby wave train. However, the primary mechanism and location of the wave source are rather different. In the first decade, the response is dominated by eddy vorticity flux forcing over the eastern North Pacific (ENP) together with a secondary wave source over the western North Pacific (WNP) directly related to the SST anomaly. In the second decade, mean-flow divergence over the WNP presumably becomes the primary wave source, whereas the eddy-driven wave source over the ENP substantially decays. The model results can be understood as a regime shift in the response between the two decades, with significant changes in the character of the decadal-mean geopotential height response.
The possibility of a regime shift of the response on decadal or even longer time scales is supported by Gan and Wu (2012) . We hypothesize that the origin of the regime shift in the response can be traced back to decadal background SST changes. These comprise decadal changes in mean SST, level of daily SST variability, and strength of the Oyashio Extension front (OEF).
To further disentangle the roles of the different components of both the background SSTs and the SST anomaly forcing in driving the atmospheric response a number of sensitivity experiments (see also Z15) were conducted. These comprise experiments with truncated SST anomaly forcing, different model resolution, and different background SSTs on which the SST anomaly forcing was superimposed. Figure 8 and Table 1 summarize all experiments which have been performed for the two decades. As pointed out in Z15, the response during the first decade strongly depends on sufficient daily SST variability over the eastern North Pacific (Figs. 8a-d ; experiments DAGL, DANP, HFCL, FILT, and CLIM). During the second decade, the reduced daily SST variability tends to damp the eddy-mediated response ( Fig. 8h ; experiment DAGL), which in conjunction with the strengthening of the OEF makes the atmosphere more sensitive to SST anomalies in the OEF region, producing a more significant response in the deep convection zone south of the OEF that overrides the secondary wave source noted in the previous decade.
There are small SST anomalies in the SST forcing pattern south of 208N, especially in the western and fareastern tropical Pacific (Fig. 1) . Since the atmosphere is more sensitive to SST at low latitudes, these anomalies, albeit small but located in the zone of substantial deep convection, may play a role in the extratropical response. We repeated the DAGL experiment for the 1981-90 decade by retaining only the major cold SST anomaly in the North Pacific seen in Fig. 1 . This pattern is referred to as the ''PDO cold'' SST anomaly. We force the model with both the positive and negative polarity of this pattern. Most of the tropical SST anomalies south of 208N are thus removed. It can be inferred that the atmospheric response to the PDO cold SST anomaly ( Fig. 8d ; experiment PDOC) resembles that to the PDO-like anomaly ( Fig. 8a ; experiment DAGL). We conclude that the small tropical SST anomalies are not important to the extratropical atmospheric response. Moreover, we show that high atmospheric resolution should be employed when studying the atmospheric response to extratropical SST anomalies. For example, when repeating the experiment DAGL with a coarse horizontal resolution (T31, ;3.758) version, the model simulates a significant but opposite response in 1981-90 and no significant response in 1991 -2000 experiments T31) . This emphasizes the need for sufficiently high horizontal model resolution to resolve eddy dynamics and frontal zone processes.
We have used prescribed SSTs in the atmosphere model experiments presented in this study. While this approach enables designing experiments to isolate the effects of the various components of both the background SSTs and the SST anomaly forcing, the methodology is still under debate. Barsugli and Battisti (1998) , for example, showed by a linear stochastic model that in experiments with prescribed SSTs, the heat flux at low frequencies is likely to be too large and of the wrong sign. However, their conclusions do not necessarily apply here because 1) as pointed out by Z15, the PDO-like SST anomaly can be generated by oceanic processes (e.g., the reemergence mechanism; see also Alexander et al. 1999; Czaja and Frankignoul 1999, 2002) , whereas in the Barsugli and Battisti (1998) theoretical model the SST anomaly is generated purely by atmospheric variability; and 2) Barsugli and Battisti (1998) showed that the inconsistencies introduced by prescribed SSTs becomes most apparent on time scales longer than seasonal, while we investigate the winter-mean atmospheric response. An argument on the limitations of prescribed SSTs that may apply here was made by Liu and Wu (2004) , who performed 2-month simulations using both forced atmosphere model and coupled oceanatmosphere model simulations to study the influences of coupling on the atmospheric response to a possibly ocean-generated SST anomaly in the North Pacific. Their findings suggest that with prescribed SSTs, although the heat flux is indeed too large, the atmospheric response to the prescribed SST anomaly is of the correct sign but 2 times weaker than in the coupled experiment. They also argued that on monthly time scales, using prescribed SSTs can be a reasonable approximation to reality because the method assumes an infinite heat capacity of the ocean, which is a good approximation in winter when the mixed layer is rather deep. Based on the above discussion, we believe that uncoupled atmosphere model experiments with prescribed SSTs are useful to obtain insight into the mechanisms involved in the atmospheric response to extratropical SST variability.
Our AGCM results shed some light on the longstanding problem of the state dependence of the atmospheric response to extratropical SST anomalies. While previous investigations primarily studied the seasonality of the atmospheric response, we investigated decadal changes of the response. Furthermore, we connect the decadal changes in atmospheric response to decadal changes in the background SST. Our results are of particular importance to the fields of large-scale atmosphere-ocean interactions and climate modeling, as well as decadal climate variability and predictability. Both eddy and frontal processes are suggested to be important in understanding decadal variability of the atmospheric response to extratropical SST anomalies. (308299). Traveling and other support from GEOMAR is acknowledged. NOAA Extended Reconstructed SST and SLP data are provided by the NOAA/OAR/ ESRL/PSD, Boulder, Colorado. Computing resources at the North-German Supercomputing Alliance (HLRN) are acknowledged. We are also grateful to comments from two anonymous reviewers that were helpful for improving the manuscript.
APPENDIX
Significance Tests
a. Decadal means
To test the statistical significance of the decadal-mean winter atmospheric response [i.e., the winter-mean difference between the positive (P) and negative (N) SST anomaly cases], we use a one-sample t test with 9 degrees of freedom for Dec8190 and 19 for Dec9100. This approach is appropriate because of the following considerations: 1) We test the mean of the difference between the P and N integrations rather than their equality using a twosample test because the P and N integrations for a certain winter are started from the same initial condition and thus potentially correlated. 2) In our experimental setup, the background SST forcing varies from winter to winter; thus the 10 winters do not strictly form an ensemble. This is roughly overcome by taking the difference between the P and N integrations with the same background SST. 3) Each winter, simulations are started from initial conditions taken one year apart from the control run and are considered independent assuming that the atmospheric states are decorrelated. 4) The integrations for each winter during 1991-2000 are started from 1 November and 1 December conditions from the control run. These two integrations are considered roughly independent after confirming that their multiyear correlation is generally smaller than 0.2 in the hatched regions of Fig. 3h .
b. Linear trends
The linear trends of the multiyear time series of the winter-mean atmospheric response are estimated using the least squares estimator and are tested with a onesample t test using 18 degrees of freedom.
